ISO 15653 is a Crack Tip Opening Displacement (CTOD) testing standard for welds, and has issued since 2010. This new testing standard consists of two different CTOD calculations, displacement-conversion CTOD for deep-notched specimens and J-conversion CTOD for shallow-notched specimens, and ISO 15653-based CTOD changes at the boundary of crack length between deep-notched and shallow-notched specimens. In this study, changes in ISO 15653-based CTOD were investigated by using experimental and analytical data for the wide range of steel mechanical properties. J-conversion CTOD did not correspond to displacement-conversion CTOD, and there were significant mismatches in ISO 15653-based CTOD at the crack length boundary particularly for the steels of the low strain hardening exponent of the Ramberg-Osgood relation. Displacement-conversion CTOD calculation by using the modified plastic rotational factor or using the CTOD transformation equation proposed in this study is helpful in moderating the underestimated CTOD for low strain hardening exponent shallow-notched specimens.
Introduction
CTOD has been widely used as an elastic-plastic fracture mechanics parameter for structural steel. CTOD fracture toughness testing was initially standardized by the British Standards Institution in BS5762 (1) , which was replaced by BS7448 (2) , and was extended to other CTOD testing standards such as ASTM E1290 (3) and WES1108 (4) . These standards conventionally assume the plastic hinge model, and a few constant plastic rotational factors are used for converting Crack Mouth Opening Displacement (CMOD) into the plastic component of CTOD. On the other hand, the normalized crack length and the strain hardening exponent affect the plastic rotational factor (5) (6) , and this is disadvantageous to the accurate calculation of CTOD. ASTM International revised E1290 in 2002 (7) , and its latest edition was issued in 2008 (8) , where CTOD was not calculated by using the plastic hinge model, but was converted from J-integral. Because structural steel qualifications such as API RP2Z (9) and DNV-OS-C401 (10) have essentially required fracture toughness in accordance with CTOD tests using the plastic hinge model, a discrepancy between two different kinds of CTOD, conventional displacement-conversion CTOD and new J-conversion CTOD, should be avoided. 
Background of CTOD calculation

Displacement-conversion CTOD
One kind of CTOD in ISO 15653 is the displacement-conversion CTOD, δ disp , for 0.45≤a 0 /W≤0.70, and is given by the following equation (12) , where δ disp,el is the elastic part of δ disp , δ disp,pl is the plastic part of δ disp , K 0 is the stress intensity factor, ν is Poisson's ratio, E is Young's modulus, R p0.2b is the 0.2% offset yield strength, r pl is the plastic rotational factor, V pl is the plastic part of CMOD, a 0 is the initial crack length and z is the distance of the knife edge measurement point from the front face on Single Edge-notch Bend (SE(B)) specimens. The plastic hinge model is used for calculating δ disp,pl , and r pl is set at 0.4 for SE(B) specimens.
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J-conversion CTOD
The other kind of CTOD in ISO 15653 is the J-conversion CTOD, δ J , for 0.10≤a 0 /W≤0.45, and is given by the following equation (12) , where J 0 is the J-integral, R Y is the effective yield strength given by the average of R p0.2b and the tensile strength, R mb , δ J,el is the elastic part of δ J , δ J,pl is the plastic part of δ J , J 0,el is the elastic part of J 0 , J 0,pl is the plastic part of J 0 , A is the plastic area under the plot of force, F, versus CMOD and B is the specimen thickness. (17) , YR90 (17) , A517 (18) and HY80 (19) , were referred to, and their mechanical properties and CTOD test conditions are shown in Table 2 , where S is the span of SE(B) specimens. N is the strain hardening exponent of the Ramberg-Osgood relation denoted by the following equation, where ε is the strain, ε ys is the yield strain, σ is the stress and α is the material factor in the plastic term.
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N is equivalent to the inverse of the strain hardening exponent of the n-power hardening law, n, and it can be estimated empirically from the following equation in ASTM E1290-02 (7) . All the CTOD tests were conducted by using SE(B) specimens, and their a 0 /W ranged from 0.17 to 0.61. The critical values of δ disp and δ J were evaluated by Eqs. (1) and (2), respectively, where r pl was modified for a 0 /W<0.45 according to Kirk et al. (5) . 4. CTOD analysis
Analytical methodology
The Electric Power Research Institute (EPRI) scheme (20) was used for the calculation of J 0,pl and V pl in the following equations, where F 0 is the limit load of SE(B) specimens.
, . (20) . δ disp and δ J were analytically obtained by substituting V pl of Eq. (8) into Eq. (1) and by substituting J 0,pl of Eq. (7) into Eq. (2), respectively (13) . Table 3 shows the analytical conditions used in this analysis. R p0.2b and N were widely arranged from 300 MPa to 900 MPa and 5 to 16, respectively. Figure 5 shows the relationships between δ J /δ disp and F/F 0 , in which a 0 /W and N were set at 0.45 and 5, respectively, and three different R p0.2b values were used for the analysis.
Results of ISO 15653-based CTOD analysis
Although low R p0.2b steel gave slightly lower δ J /δ disp , three curves were closely located in the part of δ J /δ disp <1. δ J /δ disp was not constant, but changed according to F/F 0 . The minimum δ J /δ disp value was 0.668 at F/F 0 =0.90 for the mechanical model of R p0.2b =300 MPa. Three curves of δ J /δ disp vs. F/F 0 are shown in Fig. 6 , in which a 0 /W and R p0.2b were set at 0.45 and 600 MPa, respectively, and three different N values were used for the analysis. δ J /δ disp was reduced with decreasing N, and δ J /δ disp was smaller than 1 for N=5. However, the curves of δ J /δ disp vs. F/F 0 were located in the part of δ J /δ disp >1 for N=10 and 16. As shown in Figs 1 ~ 4 , both the critical δ disp and the critical δ J increased with decreasing a 0 /W. This is fundamentally caused by the loss of constraint (21) . In addition, the critical δ J did not correspond to the critical δ disp , and the critical δ J was particularly smaller than the critical δ disp in low N steels such as YR70 and HY80. This is probably because δ J /δ disp is highly affected by N, as shown in Fig 6, Fig. 4 . In other words, δ ISO15653 for shallow-notched specimens underestimates the critical CTOD. ISO 15653 does not use δ disp for shallow-notched specimens, but the nominal δ disp can be calculated for shallow-notched specimens by using r pl modified for a 0 /W<0.45, as conducted in this study. Another way of calculation δ disp is the transformation of δ J into δ disp .
Transformation of δ J into δ disp
The authors (13) constructed an equation of the transformation of δ disp to δ J , and it was demonstrated that the transformation equation is reasonably accurate (16) for shallow-notched specimens whose a 0 /W is within the valid range of in the EPRI scheme. Inversely, the following equation can transform δ J into δ disp for the shallow-notched specimens. values in YR70 and HY80, and Eq. (10) is useful for moderating the underestimated CTOD for shallow-notched specimens. On the other hand, the transformed critical δ disp was almost invariable in YR90 and A517 because δ J is essentially close to δ disp for high N steels.
In this study, CTOD test data used for the experimental investigation into ISO 15653-based CTOD change at a 0 /W=0.45 were limited; four kinds of steel were referred to the investigation. The effects of mechanical properties, specimen sizes, test temperatures and applied forces on the CTOD change should be experimentally investigated in detail in the future.
Concluding remarks
In this study, ISO 15653-based CTOD was investigated by using experimental and analytical data. According to two different CTOD calculations in ISO 15653, there were significant mismatches in ISO 15653-based CTOD at a 0 /W=0.45 particularly for the steels of the low strain hardening exponent of the Ramberg-Osgood relation. Displacement-conversion CTOD calculation by using the modified plastic rotational factor or using the CTOD transformation equation proposed in this study is helpful in moderating the underestimated CTOD for shallow-notched specimens. 
